The uncertainty analyses have been considered as a relevant topic since WASH-1400 and analysis was performed for identifying the risk measure, e.g. plant-and core-damage frequency or the frequency of a large early release of radioactivity in the probabilistic safety assessment (PSA) or probabilistic risk assessment. There are two main sources of uncertainty such as aleatory uncertainty and epistemic uncertainty (parameter uncertainty, model uncertainty and completeness uncertainty) for risk analysis in PSA or risk-monitor system. A sensitivity analysis is related field to uncertainty, which can provide information of the most effective on those inputs of PSA, which are mostly contributed to the uncertainty. In this paper, uncertainty analysis (epistemic) has been conducted in the evaluation of dynamic reliability of safety-related subsystem for risk analysis. GO-FLOW methodology has been employed for the procedure of uncertainty analysis alternatively to Fault Tree Analysis and Even Tree because it is successoriented system-analysis technique and comparatively easy to conduct the reliability analysis of the complex system. The method used sample data from Monte Carlo simulation to quantify uncertainty in terms of appropriate estimates for analysis results. Pressurized water reactor containment spray system has been taken as an example of safety-related subsystem. The results of this paper show that the uncertainty analysis is an important part for the practical evaluation of the system dynamic reliability and makes the reliability prediction more accurate compared with the result without the uncertainty analysis. The GO-FLOW methodology can be employed easily for uncertainty analysis with its advance functions.
Introduction
The uncertainty ranges of system failure probabilities are important information in probabilistic safety assessments (PSA) for the evaluation of the results of system-reliability analyses [1] . Uncertainties and the uncertainty analyses have been considered as a relevant topic since WASH-1400 WASH- (1975 [2] . Uncertainty analysis was performed for identifying the risk measure, e.g. plant-and core-damage frequency (PDF and CDF) or the frequency of a large early release of radioactivity in the PSA [3, 4] . The method used sample data from Monte Carlo (MC) simulation to quantify uncertainty in terms of appropriate estimates for the mean and variance plus some informative quantiles. According to 696 M. Hashim et al. physical system. Epistemic uncertainty is due to limited data and knowledge of the quantities identified with the system under consideration. The epistemic uncertainty consists of parameter uncertainty, model uncertainty and completeness uncertainty [10] . The sensitivity is the related field to uncertainty analysis [11] and can provide information of the most effective on those inputs of a PSA which are mostly contributed to the uncertainty of output frequencies like the CDF, PDF and system reliability and can indicate for which input uncertainties it would be most effective to improve the state of knowledge in order to reduce the uncertainty.
In this study, uncertainty analysis (epistemic uncertainty) with sensitivity analysis is considered in the evaluation of dynamic reliability of the pressurized water reactor (PWR) containment spray system (CSS) by GO-FLOW methodology for risk analysis. The purpose of this study is to conduct the practical and more accurate evaluation of dynamic reliability of safety system, and also to obtain the useful information from computer code runs though the intelligent use of sensitivityanalysis techniques which are important in order to develop the reliability monitor for PWR safety system in the new concept of risk-monitor system. Reliability results without considering the uncertainty analysis are presented in the author's previously presented papers [12, 13] which does not give the sufficient information due to scarce knowledge of the input parameters for the GO-FLOW model. Therefore, previous numerical results of analysis can hardly be accepted as an absolute value for an overall availability of the safety system. In respect of input data, sensitivity analysis can give an insight into credibility of the result obtained and indicate the weak points which should be corrected. Traditionally, risk monitors are based on the combination of Fault Tree Analysis (FTA) [14] and Event Tree (ET) [15] , and these methods have difficulty to evaluate the reliability of the machine systems which will change the operation mode with time (phased mission problem). Also, it is very time consuming to conduct FTA and ET for reliability analysis of the large complex system. GO-FLOW is a success-oriented reliability analysis technique and can be employed alternatively to FTA and ET. It is comparatively easy to conduct reliability analysis by GO-FLOW.
The analysis result consists of "cumulative probability distribution, probability density distributions, mean, standard deviation and variance" and some informative quantiles (e.g. the 5%, 50% and 95% quantiles) are derived and used as uncertainty quantification. It shows that the uncertainty analysis is an important part of practical evaluation of the system dynamic reliability and the fertile reliability prediction compared with the result without the uncertainty analysis. The results provide the valuable risk information to the operators for decision making to ensure the safe operation of nuclear power plant (NPP). This information might be useful for development of reliability monitor to evaluate the risk in NPP. GO-FLOW methodology can be employed for uncertainty analysis with its advance functions.
Overview of uncertainty analysis of evaluating
dynamic reliability by GO-FLOW methodology NRC Report [5] and ASME/ANS, 2009 [16] recognized the importance of the identification and understanding of uncertainties that are part of PRA. Regulatory Guide 1.200 [17] states that full understanding of the uncertainties and their impact is needed and notice the following, "In understanding the base PRA result, an important aspect is to known the sources of uncertainty, assumptions and understanding of their potential impact. Uncertainties can be parameter, model or assumptions. The assumptions can be related either to PRA scope and level of detail or to model uncertainties. The impact of parameter uncertainties is gained through the actual quantification process. The PRA scope assumption and level of detail is inherent in the structure of the PRA model and requirement of the applications will determine whether they are acceptable or not. The impact of model uncertainties and related assumptions can be evaluated qualitatively or quantitatively. The sources of model uncertainty and related assumptions are characterized in terms of how they affect the base PRA model."
The GO-FLOW handles the parameter value uncertainty. The distribution of a system-failure probability is calculated by combining values selected by sampling from the probability for all the basic events. The analysis procedure consists of two steps. First, the minimal cut sets (MCS) are obtained for specific signal lines. The GO-FLOW is a success-oriented system-analysis technique. System states expressed in success probability are converted into the expression for the failure probability, and the MCSs are obtained. Next, the distributions of failure probabilities are assigned for the basic events in the MCSs and the distribution of a system-failure probability is obtained with the MC simulation. One of the following distributions can be assigned to the basic events, normal distributions, log-normal distribution, homogeneous, log-homogeneous, Gamma, binomial, Weibull, beta and histogram distributions.
As the analysis results, the followings are obtained; the values of median, mean, error factor, 5% and 90% ranges of uncertainty, cumulative probability distribution and probability density distributions. The time variation of uncertainty distribution is easily obtained [18] . The uncertainty analysis is made by Elevator Safety Analysis Tool (ELSAT) framework and detail explanations of all analysis steps are described in reference 18.
Risk-monitor system

Definition of risk monitor
The word "risk monitor" traditionally used in nuclear application has been a specific application of a Downloaded by [Harbin Engineering University] at 18:58 14 June 2013
Living PSA [19] as a real-time analysis tool used to estimate the point-in-time "risk of core melts accident". Wherein, the real-time analysis is based on the actual plant configuration defined in terms of power operation or one of the shutdown modes, the components that have been removed from service, the choice of running and standby trains for normally operating systems and setting the environmental factors.
The term risk monitor has been defined by International Atomic Energy Agency [20] as "a plant specific real-time analysis tool used to determine the instantaneous risk based on the actual status of the systems and components". At any given time, the risk monitor reflects the current plant configuration in terms of the known status of the various systems and/or components. The Risk-Monitor model is based on, and is consistent with, the Living PSA. It is updated with the same frequency as the Living PSA. The risk monitor is used by the plant staff in support of operational decisions. The authors' proposed concept of the new riskmonitor system [7] , which is basically the same as the above definition of risk monitor, but the distinction lies in the definition of "risk". The range of risk is not limited in core-damage accident but includes all kinds of dangerous states brought by severe accident. Accordingly, the configuration of the authors' risk monitor system should be different from the traditional living PSA tools as to the way of how to organize the risk monitor and how to display the risk on the human interface. The risk-monitor system was discussed from four aspects: (i) design principle of nuclear safety to realize defense-in-depth concept, (ii) definition of risk and risk to be monitored, (iii) severe accident phenomena and (iv) scheme of risk ranking. The basic features of the authors' risk-monitor systems which are described in the reference 7 are (i) definition of risk and risk ranking, (ii) anatomy of fault event occurrence, (iii) risk monitor by semiotic modeling, (iv) plant DiD risk monitor and reliability monitor, and (v) visualization as the dynamic risk monitor.
Definition of reliability monitor [21]
Reliability Monitor is assumed to provide an overview on the system's stability and the related information in detail when any initiating event happens in the plant that may impact the stability of a system's operation. The Reliability Monitor will calculate certain kind of "Stability Index" which shows the System Stability Measure (i.e. Reliability) over the assumed run time of the system. An important role of the Reliability Monitor of nuclear power plant is monitoring the operating performance of individual subsystems comprising the whole system and evaluates the "Reliability" of the subsystems. By monitoring the "Reliability" of individual subsystems, operator can gain insight on potential performance bottlenecks and establish baseline performance values. These baseline values can be used to assess the effectiveness of performance tuning and hardware upgrades. Monitoring reliability helps us to find the problems before they cause loss of service. The reliability monitor in the risk-monitor system gives the qualitative evaluation by the way similar to Failure Mode and Effect Analysis [22] together with the quantitative reliability evaluation by the GO-FLOW method. The conditions setting to reliability monitors are (i) target subsystem, (ii) plant operation conditions and mode, (iii) types of accident initiators, (iv) common cause factors, (v) failure mechanism to be considered, (vi) failure data, etc [7] 4. Descriptions of PWR containment spray system 4.
Function of PWR containment spray system
The configuration of the PWR containment spray system (CSS) employed is illustrated in Figure 1 . CSS has the function to decrease the containment pressure during the loss of coolant accidents (LOCA) to attain the design pressure of the containment vessel (atmospheric pressure). The pressure transient during LOCA is analyzed for the maximum blow down energy of the reactor coolant system at the same time. CSS traps radioactive inorganic iodine to wash down into the containment sump by spraying the borated cooling water. Sodium hydroxide (NaOH) solution of about 30% concentration is added from spray additive tank (SAT). The CSS is designed to have redundancy according to single failure criteria. During the LOCA, if there is no offsite power, then the necessary electric power is supplied by diesel generators, and it can perform the specified safety function. In the CSS; there is a test line which is designed to allow periodical tests and inspections to verify the operability and integrity depending on the importance of safety [23] .
As shown in Figure 1 , CSS consist of containment spray pump (CSP), containment heat exchangers (CSHEX), refueling water storage tank (RWST), SAT, containment recirculation sump (CRS), etc. CSHEXs are cooled by component of cooling water system (CCWS). RWST is designed to provide the borated water which is pressurized with nitrogen. The redundant spray Pumps and Heat Exchangers of 100% capacity are installed. The NaOH solution makes water slightly alkali to enhance absorption of radioactive iodine and to prevent corrosion of the vessel during long-term cooling after the accident. It can minimize the transpiration of radioactive iodine from the recirculation sump water. When the containment pressure is increased during the LOCA then containment high-pressure signal is actuated and transmitted to CSS, CSHEXs outlet valve is opened, CSP is started, SAT injection valve is opened and the borated cooling water in RWST is sprayed into the containment vessel through the Spray nozzles attached on the spray headers (injection mode; phase 1).
When the water level in RWST becomes low until a certain value, then the water source is switched to the CRS, and after cooling the recirculation water by Downloaded by [Harbin Engineering University] at 18:58 14 June 2013 CSHEXs, the water will be sprayed into the containment vessel (recirculation mode; phase 2) [23] .
In the case of LOCA, time span of first phase is 0-1800 seconds and that for second phase is 1800-3600 seconds for GO-FLOW analysis. The value of time is taken on assumption base and it may be vary for different PWR plants. For Conventional four loop PWR, the time point 1800 second for shifting from phase 1 to 2 is taken by an engineering judgment that water's storage should be large enough to cover the needed time for continuous injection of water by both emergency core cooling system and containment spray for the largebreak LOCA in the cold leg.
GO-FLOW modeling for the case of two parallel lines
In the real configuration of CSS, two parallel injection lines are assumed to run simultaneously as shown in Figure 1 and these two lines are expressed in a GO-FLOW model in Figure 2 . In the GO-FLOW model of CSS, test line is neglected because the test line can be used for periodical test and inspection to verify the operability and integrity of NPP during normal operation of Plant. CSHEXs secondary side is cooled by CCWS, but it is also neglected. The redundancy system of two lines enhances the reliability and can wash the radioactive material in containment more quickly as compared to single line and also reduced the containment pressure to atmospheric pressure. In the two lines containment spray model for GO-FLOW analysis, the following safety components have been considered such as, two CSP pumps and two heat exchangers and eight motor-operated valves, each valve corresponding to each line. The abbreviations used in the GO-FLOW model of the CSS are as follows, RWST stands for refueling water storage tank, SAT; CSHEX containment sprays heat exchanger, CRS and M1-M8 are motor-operated valves. RWST, SAT, CSHEX and CRS are passive components, which have no need of any power source for actuation. Downloaded by [Harbin Engineering University] at 18:58 14 June 2013 CSP is active one, which needs a source for actuation, and it should be operated in both phases. However, the motor-operated valves from M1 to M8 are active ones, which have open and close state. In the control system of CSS, P is containment pressure activation system, S is containment spray activation signal and L is a low-level water signal of RWST. During the LOCA, M1-M4 are opened and CSP A and B are operated on the receipt of high-containment pressure signal (injection phase) and M5-M8 are opened and CSP A and B are operated on the receipt of low-level water signal of RWST (re-circulation phase). In the control system, solid and doted arrows represent the open and close state of components, respectively, in respective phase.
GO-FLOW calculation for containment spray system
The GO-FLOW chart of two parallel lines is shown in Figure 3 and reliability data assigned in the GO-FLOW analysis is given in Table 1 .
In GO-FLOW chart, the final signals are 26, 34 and 53 are output signals, and these output signals give the output that is failure probability of the required system mission.
In Table 1 , Pg = Probability for successful operation Pp = Probability for premature operation Po = Probability for valve successfully open Pc = Probability for valve successfully close λo = Failure rate for open state λc = Failure rate for close state
In the GO-FLOW chart, there are two phases (injection phase and recirculation phase).
For phase 1, RWST, SAT, CSP A and B, and M1-M4 are needed and for phase two, RCS, CSHEX A and B, CSP A and B and four motor operated valves from M5 to M8 are needed. The operation of these components used in the case of two parallel lines redundancy system is also given in Table 1 .
The analysis results are shown in the Figure 4 , where failure probability curve versus real time is drawn. The failure probability of CSS is very small in phase 1 and it step wisely increases at the beginning of phase 2 because of the failure of some safety components. This dynamical reliability of CSS is not final evaluation; therefore, further study has been conducted by considering the uncertainty analysis with sensitivity analysis to get the most reliable and realistic result. In Section 5, authors have discussed the uncertainty analysis with sensitivity analysis by GO-FLOW to evaluate the dynamical reliability.
Uncertainty analysis of PWR containment spray system by GO-FLOW
Sensitivity calculation to prioritize several important parameters to the dynamic reliability
The sensitivity analysis is a technique used to determine the appropriate values assign to the numerical item in the model and how these values of an independent variable will impact a particular dependent variable in a given set of assumptions. It is applied in reliability evaluation study how sensitive the reliability is with respect to changes in input parameters or model assumption of the system model. If the portion change in the model output (result) is large compared to the change in input, we say that the system is sensitive to the input element that was changed. A sensitivity studies identify the important epistemic uncertainties, and quantification of the latter. In a risk-informed environment, the proper role of sensitivity studies is "to identify what is important to the results, not to replace uncertainty analyses" [17] .
In this study, sensitivity analysis has been made by GO-FLOW methodology for the calculation to prioritize the several important parameters to the dynamic reliability of the CSS. In GO-FLOW analysis, 10 time points are defined and signal 53 represents the success probability of system mission as shown in Figure 4 . For sensitivity analysis, the results have been considered at time point 5 and 10 as the representative cases for phases 1 and 2, respectively. The most significance terms at time point 5 (phase 1) and 10 (phase 2) are given in the following first and second lists respectively in which they are expressed in failure probabilities.
The first list means, for example, the term is the products of signals of 86 and 90, and failure probability 0.00049346 contributes to the total system mission failure probability at time point 5.
According to the first list, the largest contributions to system failure probability are produced by 86 Thus, the important contribution to the failure for phase 1 is produced by operators 22, 37, 58, 59, 60 and 65. Then, it also necessary to pick up main contributors among the upstream operators connected each important contributor. The results for phase 1 are given in Table 2 .
But the operators 23, 27, 38 and 44 are all type 39 operators and have the successful close probability Pc = 1.0/demand at time point 6 (100% success for close demand), therefore, they can be omitted in sensitivity analysis. Similar results can be obtained for phase 2 as shown in Table 3 .
The all main contributions (operators) have been considered for sensitivity analysis because they all have a great impact on the results of failure probability.
Hence, input with high sensitivity should be further investigated with uncertainty analysis. Parameters with low sensitivity, on the other hand, should not be dedicated resources for further analysis since their impacts on the results are not of a significant order.
From above description of sensitivity analysis, the important operators in phases 1 and 2 which have a great impact on the results are 21, 22, 30, 35, 37, 41, 47, 51 and 52. For checking their impact on failure-probability results, analysis has been made by GO-FLOW methodology by changing the failure values 10 times larger and 1/10 smaller than the original one. The impact of parameter value change for operators 21, 22 and 37 on system-failure probability in phase 1 is shown in Figure 5 . Operator 21 is two states operator with successful probability Pg = 0.99 which represent the SAT.
So if we increase successful probability Pg, 10 times large then results of system-failure probability will decrease and will increase by decreasing the successful probability 1/10 times smaller than original one. Therefore, its upper and lower lines are different from the other operators. But have large impact on the system-failure-probability results.
Similarly, the impact of parameter value change for operators 30, 35, 41, 43, 47, 51 and 52 on system-failure probability in phase 2 is shown in Figures 6 and 7 .
From the results of sensitivity analysis as shown in Figures 5-7 , there are two lines for each parameter, the upper line drawn by the failure value 10 times larger than original one and lower line drawn by the failure value 1/10 times smaller than original one. From Figure 5 , we can figure out which of the parameters affect the systemfailure probability more than the other one. So the more accurate estimates can be obtained for the most important one. In the case of phase 1, the parameter 21, is most sensitive. Similarly, from Figures 6 and 7 the parameter 43 is most sensitive in phase 2 than the others. Thus, the sensitivity analyses can, therefore, be used as a tool for Downloaded by [Harbin Engineering University] at 18:58 14 June 2013 identification of important parameters, which are more effective on the calculation of a reliability assessment. A sensitivity analysis can also be performed for measuring the effects of completeness uncertainty by including or excluding possible relevant elements like failure modes and then evaluate if they are significant for the results or not.
Uncertainty analysis for the selected important parameters for dynamical reliability
A task of uncertainty analysis is to determine the uncertainty features of the system outputs as a function of uncertainties in the system model itself, and the stochastic variables involved [25] . The uncertainty analysis investigates the uncertainty of variables that are used in decision-making problems. It makes a technical contribution to decision-making through the quantification of uncertainties in the relevant variables [26] . The procedure for the treating the uncertainty analysis by GO-FLOW methodology are given by following steps [1] and block diagram is shown in Figure 8 . MC method is applied to the uncertainty analysis. MC method is a useful tool for evaluating the effect of different design on system performance [26]:
(1) Construct the GO-FLOW chart according to the structure and function of the target safety system. (2) Assign failure rates or probabilities to the all components according to their function and failure mechanism. Figure 11 . Result of uncertainty analysis (probability density distribution).
(3) Obtain the system unavailability which takes into account only Median by Point estimation. (4) Select the important parameters by sensitivity analysis from the GO-FLOW chart structure and unavailability analysis result. (5) Assume the appropriate distribution functions to select the important parameters by selecting one of these distributions such as, the normal, log-normal, homogeneous, log homogeneous, gamma, binomial, Weibull, beta and histogram distributions. (6) Made the uncertainty analysis by ELSAT. (7) Arrange the analysis results.
ELSAT is an integrated and convenient analysis framework in which figures of analysis results are automatically obtained if the analysis conditions are given in advance as input data [18] . In the uncertainty analysis of the PWR CSS, the twelve operators 21, 29, 46, 35, 41, 51, 52, 22, 37, 30, 43, and 47 are selected from the GO-FLOW chart because these operators have relatively large failure rate or failure probability. They are main contribution operators identified in Section 5.1 and additional two operators 29 and 46.
Input data consist of types of failure distribution and values of distribution parameters for uncertainty analysis. The uncertainty analyses with data for PWR CSS are given in Figure 9 (a) and (b), where homogeneous distribution and ranges of uncertainty are presented in Figure 9 (a) and log-normal distribution, median and error factors in Figure 9 Simulation generates random numbers from probability distributions. It is, therefore, important to run the model a sufficient number of times for achieving convergence and thus stable results. The method used sample data from MC simulation to quantify uncertainty in terms of appropriate estimates for the mean and standard deviation plus some informative quantiles (5%, 50% and 95%). The 3000 numbers of iterations have been set in the analysis.
Discussion on the uncertainty analysis result
The uncertainty analysis results consist of "cumulative probability distribution, probability density distributions, mean, standard deviation and variance" and some informative quantiles (e.g. the 5%, 50% and 95% Downloaded by [Harbin Engineering University] at 18:58 14 June 2013 quantiles) are derived and they are used as uncertainty quantification.
The uncertainty results for PWR containment spray given Table 4 are described by "Median by point estimated (results of the standard cases), mean, standard deviation, 95th percentile and 5th percentile range of the uncertainties (informative quantiles)" and these results are presented in Figure 10 .
The most complete and ideal description of uncertainty is the probability density distribution of the quantity subject to uncertainty, which is shown in Figure 11 . By comparing the results of uncertainty analysis with point estimate results by GO-FLOW, it shows that the uncertainty analysis is an important part of practical evaluation of the system dynamic reliability where the results of system reliability are presented in the form of mean and informative quantiles (5%, 50% and 95%). This analysis makes the reliability prediction more practical compared with the result without the uncertainty analysis. The results provide the valuable risk information to the operators for decision making to ensure the safe operation of nuclear power plant. This information might be useful for the reliability monitor to evaluate the risk in NPP. GO-FLOW methodology can be employed for uncertainty analysis with its advance functions.
A measure of individual uncertainty is illustrated by the difference between the median and 5the percentile or 95th percentile estimates. Lack of data cause statistical uncertainties in the estimated parameters and reliability model often use assumptions to overcome data shortcomings. Differences in plant specific conditions like operational environment, maintenance procedures, collection methods and rapidly changing technology may result in a data material which will not be relevant for the specific system under evaluation. Therefore, competence is thus needed in order to reduce data uncertainty by ensuring good collection methods and selection of relevant data for the assessment. Model uncertainty reflects the inability of a model or design technique to represent precisely the system's true physical behavior. Therefore, the level of detail or suitability of a model also restricted by the time, approximation formulas and software solutions available.
The uncertainty related to analysis conditions may be due to omission of factor, like failure modes, failure mechanisms or lack of knowledge, like the exclusion of unknown failure modes. Unknown uncertainties are hard to reduce because they are not visible for the analyst. Further, improvement in the analysis results can be achieved through research, data collection and careful manufacturing.
Concluding remarks
In this paper, uncertainty analysis with sensitivity analysis has been conducted in evaluating the reliability of safety-related subsystem by GO-FLOW alternatively to FTA and ET because GO-FLOW is successoriented analysis technique and comparatively easy to conduct reliability analysis. Reliability monitor of the PWR CSS has been taken as an example of the safetyrelated sub-system for analysis in the risk monitor system. Sensitivity analyses can provide useful information on those input uncertainties of a PSA which mostly contribute to the uncertainty of output reliability. Thus, they can indicate for which input uncertainties it would be most effective to improve the state of knowledge in order to reduce the uncertainty of the reliability. The sensitivity analysis presented in this paper has been made by GO-FLOW method and method used sample data from MC simulation to quantify uncertainty in terms of appropriate estimates for analysis results. The present paper shows the uncertainty analysis conducted for PWR safety system and the results of uncertainty analysis show that uncertainty analysis is an important part for the practical and more accurate evaluation of the system dynamic reliability where the results of system reliability (points estimation) are presented in the form of mean, and informative quantiles (5%, 50% and 95%). This analysis makes the reliability prediction more practical compared with the result without the uncertainty analysis and are valuable to develop the reliability monitor for CSS in the new concept of risk-monitor system. This can be able to measure the value of risk in NPP at accident. These results provide the risk information to the operators for decision making to ensure the safe operation of nuclear power plant. The improvement in reliability results can be achieved through research, collection and classification of failure data and careful manufacturing for further study.
